
The changes in blood pressure after 
ESB of the posterior hypothalamus did 
not parallel those seen in heart rate (Fig. 
1, C and D). Analyses of variance and 
subsequent Duncan's tests indicated 
some attenuation of blood pressure dur- 
ing slow sessions in animals M-1 and M- 
4. Stimulation of the anterior hypothala- 
mus produced changes in blood pressure 
similar to those seen in heart rate (Fig. 
l), and there was no attenuation of either 
during slow sessions. Analyses of vari- 
ance and Duncan's tests indicated that 
the differences between stimulation and 
nonstimulation were greater in slow con- 
ditions than in (i) speed and control 
conditions for M-2, (ii) control for M-3, 
and (iii) speed for M-4. Thus no attenua- 
tion of blood pressure occurred during 
slow conditions. 

The results of striatal stimulation were 
similar to those seen after posterior hy- 
pothalamic stimulation. This was true for 
blood pressure as well as heart rate. 
Thus, the change in heart rate was atten- 
uated during slow but not during speeded 
or control sessions, and blood pressure 
did not change across conditions. The 
effect on heart rate of stimulating the 
subthalamic nucleus was similar to that 
of stimulating the anterior hypothala- 
mus. Strong effects were seen on heart 
rate, and the animals were not able to 
attenuate these effects during slowing. 

The data show that the ability of an 
animal to significantly attenuate its car- 
diovascular responses to stimulation of 
sites in the striatum or posterior hypo- 
thalamus was selective to the modality 
on which a negative reinforcement con- 
tingency was placed-heart rate but not 
blood pressure. The attenuation was not 
the result of threshold changes after re- 
peated stimulation, since (i) counterbal- 
ancing controlled for order effects, and 
(ii) analysis of variance of changes in 
heart rate during the first stimulus seg- 
ment in the control sessions with the last 
stimulus segment for each brain area 
showed neither segment differences nor 
segment differences as function of the 
brain area in any animal. 

Smith et al. (10) have shown that le- 
sions in areas in the baboon correspond- 
ing to our anterior hypothalamic sites 
create deficits in an animal's ability to 
generate a conditioned emotional re- 
sponse (a change in heart rate or blood 
pressure in response to a stimulus paired 
with an electric shock). It is possible in 
our experiments that affective responses 
elicited by stimulation in these areas 
overrode the reinforcement strength of 
shock avoidance, The striatal or posteri- 
or hypothalamic stimulations were over- 
ridden because they are associated with 
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cardiovascular effects only. Cardiovas- 
cular efferents to the posterior hypothal- 
amus may involve only outputs from the 
anterior hypothalamus (10, 11). The 
subthalamic nucleus is a complex area 
that mediates motor as well as cardiovas- 
cular functions (12) and that may receive 
selective input from the anterior hypo- 
thalamus and striatum. One conclusion 
is clear. Central nervous and autonomic 
interactions in the unanesthetized animal 
vary and can be modified by training. 
Differences in response to ESB suggest 
that a variety of mechanisms operate 
within the brain to mediate plasticity 
such as that seen here. The heart rate 
responses, even in the face of ESB, can 
differ as a function of environmental 
contingencies and the demands made on 
the animal. 
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Gerontology Research Center, National 
Institute on Aging, National Institutes 
of Health, Baltimore City Hospitals, 
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Pigeons with a Deficient Sun Compass 
Use the Magnetic Compass 

Abstract. Homing pigeons that had never seen the sun before noon could not use 
the sun compass in the morning; nevertheless they were homeward oriented. When 
such birds carried magnets, however, they were disoriented, suggesting they were 
using a magnetic compass. These findings indicate that the magnetic compass is 
available to pigeons whether or not the sun compass has been established and that 
the magnetic compass is apparently the first source of compass information. 

Experiments with birds whose internal 
clock was phase-shifted demonstrate 
that the sun compass is used by homing 
pigeons whenever the sun is visible (I). 
This compass system is learned rather 
than innate (2), and we therefore studied 
that learning process. Tests indicated 
that knowledge only of the descending 
part of the sun's arc was not sufficient to 
establish the sun compass for the entire 
day. Young pigeons that had observed 
the sun only in the afternoon and that 
were tested in their subjective morning 
did not react to the shifting of their 
internal clock but departed homeward 
oriented (3). 

These findings led to a question about 
how such birds orient if they are not able 

to use the sun compass. One possibility 
is that they rely on the earth's magnetic 
field for compass information (4, 5). If 
this were so, then attaching magnets to 
them might cause disorientation. A 
group of experimental pigeons was pre- 
vented from seeing the sun in the morn- 
ing; they grew up in a light-tight room in 
a natural photoperiod and were allowed 
to enter their aviary or fly around their 
loft only in the afternoon after the culmi- 
nation of the sun. Control pigeons grew 
up in an identical room, but these birds 
had access to their aviary all day and 
were released for exercise flights at vari- 
ous times of day. Both groups had a 
series of training flights in which flocks 
were released, up to 30 km in the cardi- 
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Table 1. The homing performance of four groups of pigeons. 

N Median 
Mean vector P vanish- Returns Median 

(number Bear- (Ray- - - - - -- - -. hommg 
Group of u"' 

lngs leigh interval Same speed 
birds Direc- Length test) Per- 

(sec- (kml 
released) tion onds) day 

Later cent hour) 

Controls 74 57 356" 0.70 1.001 172 70 3 99 16.6 
Controls with magnets 6 1 57 353" 0.74 <.001 187 55 4 97 19.4 
Experimentals 72 54 353" 0.54 1 .001  242 62 4 92 11.3 
Experimentals with magnets 62 54 13" 0.18 >.05* 202 49 6 89 10.3 

- - 

*Not significant. 

nal compass directions. At the time of 
the tests, the birds were about 4 months 
old and had ample flying experience, but 
the experimental birds had been released 
in the afternoon only. 

The critical tests took place on sunny 
days early in the morning, at a time of 
day when the experimental pigeons had 
never been outside before. Half of the 
experimentals and half of the control 
birds were released carrying small bar 
magnets. These magnets (2.6 by 0.6 by 
0.3 cm and about 4 g) had a pole strength 
of approximately 85 centimeter-gram- 
seconds (6); they were fixed on the pi- 
geon's back between the wings with vet- 
erinary branding cement, and their north 
poles pointed toward the pigeons' heads. 
Birds of all four treatments were re- 
leased alternately so that all groups were 
exposed equally to any temporally 
changing environmental conditions (7). 
Each bird was tossed singly from the 
hand and watched by two observers with 
binoculars until it vanished from sight; 
its last bearing was recorded to the near- 
est So, and the interval between release 
and vanishing was recorded with a stop 
watch. The mean vector of each set of 
bearings was calculated by vector analy- 
sis, and the bearings from difl'erent test 
sites were combined by setting the home 
direction to 360". The data were tested 
for significant directional tendencies by 
the Rayleigh test, and two samples were 
tested for differences in scatter by the 
Mardia Watson Wheeler test (8). 

Figure 1 shows the departure bearings 
of the four groups. The control birds 
without magnets (9) were homeward ori- 
ented (Fig. 1A) as was the experimental 
group without magnets (Fig. 1B); al- 
though the experimental birds had never 
before been outside their loft in the 
morning, they were able to orient. Mag- 
nets did not Impair the orlentation of the 
control birds, which were accustomed to 
flying in the morning (Fig. 1C). But the 
experimentals with magnets were not 
oriented (Fig. ID); their departure bear- 
ings were significantly more scattered 
than those of the other three groups 

(P < .001 for both groups of controls, 
and P < .O1 for the experimentals with- 
out magnets, Mardia test) (10, 11) (Table 
1). 

The controls carrying magnets were 
presumably using their sun compass. 
The experimental birds, which had never 
seen the sun in the morning, apparently 
could not d o  this; their orientation was 
impaired by the magnets, suggesting that 
they relied on magnetic information. The 
simplest explanation is that these birds 
use a magnetic compass and that the 
magnets caused disorientation similar to 
that of experienced birds In overcast 
conditions (5) by preventing the birds 
from localizing their home direction (12). 

Thus our findings show that the mag- 
netic compass is available to birds 
whether o r  not a sun compass has been 
established. This is in agreement with 
other findings (13) that indicate that the 
magnetic compass is normally used by 
very young birds before the sun compass 

Fig. 1. When released early in the morning, 
the control pigeons (A) were oriented, and so 
were the experimentals that had never been 
outside their loft at that time of the day (B). 
Magnets did not affect the orientation of the 
controls (C), but the experimentals with mag- 
nets were no longer oriented (D). The vanish- 
ing bearings of individual birds are represent- 
ed by the dots outside the circles, and the 
mean vectors are shown as arrows whose 
lengths are drawn proportional to the circle of 
radius 1. 
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Modification of the Discharge of Vagal Cardiac Neurons During 
Learned Heart Rate Change 

Abstract. Visually conditioned heart rate change in the pigeon has been developed 
as a vertebrate model system for the cellular neurophysiological analysis of 
associative learning. In previous studies of the "final common path," it was shown 
that both the vagal and sympathetic cardiac innervations contribute to this response. 
The present experiments indicate that, prior to any behavioral training, the visual 
stimulus elicits a small decrease in the discharge of vagal cardiac neurons. During 
conditioning, this stimulus evokes a progressively greater decrease in discharge that 
parallels the acquisition of the conditioned cardioacceleration. In contrast, nonasso- 
ciative control animals show habituation of the initial decrease in discharge. These 
data confirm the involvement of the vagal cardiac innervation in conditioned heart 
rate change, indicate that the vagal innervation acts synergistically with the 
sympathetic to produce cardioacceleration, and suggest that a short-latency path- 
way mediates the conditioned response. 

The neuronal mechanisms of informa- 
tion storage remain one of the principal 
challenges in contemporary neurobiolo- 
gy. Over the past decade, however, the 
development of effective model systems 
has significantly advanced our under- 
standing of the cellular basis of nonasso- 
ciative learned behaviors. This progress 
has resulted largely from the exploitation 
of "simple" invertebrate models, but 
few effective systems are available for 
cellular analysis of associative learning 
or of learning in vertebrates (1). 

Over the past 15 years we have been 
developing one such model that permits 
cellular analysis of both nonassociative 
and associative learning in a relatively 
simple vertebrate system (2). The asso- 
ciative learning is established with a con- 
ventional Pavlovian procedure in which 
whole-field retinal illumination (the con- 
ditioned stimulus, CS), is paired with 
foot shock (the unconditioned stimulus, 
US), to produce a learned change in 
heart rate (the conditioned response, 
CR). Behaviorally, this system is now 
well characterized and has many attrac- 
tive properties for cellular neurophysio- 
logical analysis (3). For example, in the 
pharmacologically immobilized animal, 
stable conditioning develops in 30 min- 
utes and asymptotic performance in ap- 
proximately 2 hours (4). Moreover, con- 
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siderable effort has been devoted to iden- 
tifying the relevant neural circuitry, and 
a first approximation to a necessary 
pathway from the eye to the heart is now 
available (2). 

As part of this effort to map the neural 
circuitry, we established that the CR is 
mediated entirely by the cardiac nerves 
and that both vagal and sympathetic in- 
nervations participate. Moreover, the 
cells of origin of this "final common 
path" have been localized and criteria 
established for their electrophysiological 
identification in the behaving animal (5). 

We now describe the discharge char- 
acteristics of vagal cardiac neurons dur- 
ing CR development. The objectives of 
investigating these motoneurons were (i) 
to describe the temporal properties of 
the informational flow along the identi- 
fied pathways, unconfounded by delays 
at the motor periphery, and (ii) to charac- 
terize more precisely the vagal and sym- 
pathetic contributions to conditioned 
heart rate change. 

We studied 23 experimentally naive 
white Carneaux pigeons (Columba livia), 
ranging in age from 2 to 6 months and 
weighing 450 to 650 g. Under pentobarbi- 
tal anesthesia, the posterior cerebellum 
was removed to expose the floor of the 
fourth ventricle. Five to ten days later 
cellular neurophysiological experiments 
were undertaken. The animals were im- 
mobilized with a-bungarotoxin (4), artifi- 
cially ventilated, and placed in a stereo- 
taxic apparatus in an acoustic chamber. 
Electrodes for monitoring the electrocar- 
diogram and delivering the foot shock 
were inserted (3), and the left pupil was 
dilated and a contact lens placed over the 
cornea (4). Under lidocaine anesthesia, 
the midcervical, right vagus nerve was 
exposed and placed over a bipolar Ag- 
AgCl electrode for stimulation. A 4M 
NaCl micropipette (8 to 12 megohm) was 
advanced into the brainstem, and single 
vagal cardiac units were isolated and 
identified (5, 6). 

After an adaptation period, either con- 
ditioning (N = 13) or sensitization 
( N  = 10) training was initiated. For both 
procedures, the visual stimulus was a 50 
foot-lambert (1 foot lambert = 3.4263 
cd/m2), monocular presentation of 6-sec- 
ond whole-field illumination; this stimu- 
lus was delivered through a fiber-optic 
bundle and an electronically controlled 
shutter (4). The foot shock consisted of a 
500-msec train of biphasic pulses deliv- 
ered at 60 Hz with a constant-current 

Fig. 1. ( A )  Mean differences 

0 
1-10 11-20 21-30 31-40 

Trials 

1-10 11-20 21-30 31-40 1-10 11-20 21-30 31-40 
Trials 

between heart rates during the 
light and preceding control pe- 
riods of birds receiving condi- 
tioning (0) ( N  = 13) or sensi- 
tization (0) ( N  = 10) proce- 
dures. Each point represents a 
group mean for a block of ten 
trials. (B) Mean discharge 
changes of vagal cardiac neu- 
rons during the phasic and ton- 
ic response periods during 
conditioning ( N  = 10) and 
sensitization ( N  = 8). Each 
point represents a group mean 
for a block of ten trials, and 
the error bars represent 1 stan- 
dard error of the mean. Units 
were recorded from the same 
birds as in ( A ) .  
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